Abstract: Location of the heavily loaded building on the ground of the small load capacity requires application of the appropriate foundation structure. The required foundation system is most often deep, it is expensive and its cost increases significantly when the building is located in earthquake area or in mining damage sector. The proposed structural system of the combined foundation makes possible to design and to construct a very stable and relative inexpensive foundation structure, which can obtain an extremely large horizontal surface and which can be placed not deeply beneath the terrain level. It can be a very solid support structure for a tall building placed on very weak subsoil and at the same time located in seismic area. This system can be applied not only for new buildings but it can be used for the existing buildings and moreover for straighten of the inclined objects. Due to special arrangement of component parts the combined foundation possesses inherent features of a vibration damper, what is highly desirable if buildings have to be located in earthquake areas. When the aboveground storeys structure has some similar patterns with structural form of the combined foundation then the structural system of the whole building obtains coherent structural characteristics and it is called the combined structural system of the tall building. Suitable application of this system makes possible to design high-rise buildings having interesting and unique architectonic forms, what is presented on a selected example.
Introduction


Problems of the safe foundation of heavily loaded building on the subsoil of small load carrying ability belong to the always actual engineering challenges [1, 2] . When the building is very high [3] [4] [5] and it is placed in an earthquake area then the complexity and difficultness of the design task increases dramatically [6] [7] [8] [9] [10] . Some events which happened in the mining damage zones in Poland more than two decades ago have encouraged the author to design the initial form of the combined foundation [11] . Conclusions coming from the analyses of the building structures failures caused by the disaster earthquake in January 2010 in Haiti have induced the author to verify the initial structural concept and to define the final structural solution of the system of combined foundation [12] .
Structural Inspirations
The very effective forms of structural systems are Corresponding author: Janusz Rebielak, Dr., professor, research fields: space structures design and applications, tall buildings and foundation structures. E-mail: j.rebielak@wp.pl.
determined by the rules of theory of structures [13] and also by analogy to shapes of creatures existing in the nature [14] . Certain basic laws of theory of structures and patterns observed in the biological world have been taken into consideration during the shaping process of the final technical solution of the combined foundation system. Stress trajectories in the free-end-beam shown in Fig. 1a were inspirations for the design of specific types of the lenticular girder [15, 16] , exemplary form of which is presented in Fig. 1b . The way of arrangement of some components in the area of simple form of the Michell beam (see Fig. 1c ), which is considered as a form of minimum weight structure [17] , was respected during working out of the final shape of the foundation system. The bearing structure of the tall building has to have two contradictory features at the same time. It has to be very stiff but on the other hand it should be to some degree flexible. A very good sample of such a structure is system of a tree, a simplified scheme of which is presented in Fig. 2 . Remarkable example of a large and shallow root system can be seen in the variety of tree called ficus microcarpa. 
Transformed Shape of Primary System
The primary shape of the combined foundation was subjected to some simple transformation carried out in order to obtain a more safe and reliable structure even in the case, when a certain part of it would be partly damaged [16] . The main point of this transformation was the separation of the UCS (upper compression slab) from the matter of the two main parallel beams (1), located on a common horizontal base (2) in Fig. 3 usually made as a concrete or reinforced concrete structure. This UCS is pre-stressed by means of ANB (anchorage blocks) being extreme nodes of the inner truss system, which is close-packed in the narrow space between the two main beams (1) .
The designed position of the lower part of the vertical column is provided by a secondary stabilize structure (St) while the required localization of the UCS (upper slab) is ensured by suitable nodes (Fx) put in central parts of beams and of the upper compression slab, which makes possible to transmit further the horizontal components of some forces.
Basic Forms of the Combined Foundation
A tendency to design the most possible reliable foundation structure has inclined to verify once again the morphology of the just shaped system. The most important nodes of it are placed now in the extreme, upper areas of beams (1) where their displacements are the biggest. Because the smallest dislocations are noticed in the neutral axis of a beam that is why in the final structural solution of the combined foundation the main nodes should be distributed along the neutral axes of the main beams (1) . Moreover these nodes have to be arranged there uniformly along the possibly long beams. The structural concept of the final shape of the combined foundation system is presented in Fig. 4 .
Vertical force (F v ) is transmitted to the inner intermediate structure by means of a short strut placed between two theoretically articulated nodes A and B. This short strut has freedom of movement only along vertical guides, where it is compactly put. The uniform arrangement of the load forces is ensured by a special inner intermediate structure composed of two sub-systems. The first sub-type system, shown in Fig.  4a , consists of set of the rigid tension members located along the broken line directed up. Suitable nodes of this system are connected with the main foundation nodes by means of the short vertical compression members. These main nodes are uniformly distributed along the neutral axes of the main beams (1). The second sub-type system has a very similar form but the broken line of it is directed down (Fig. 4b) . If patterns of both sub-type systems are symmetrical towards the neutral axis of a beam then the horizontal components of the reactions in the extreme nodes are of the same value but they are directed oppositely. Therefore in the final shape of this structural system, compare Fig. 4c , only the vertical components of the reactions are applied to the main nodes of this structural system. The shape presented in Fig. 4c and in Fig. 5 can be considered as a modular unit of the combined foundation.
Short struts, marked in Fig. 5 by symbol 6, are connected to the theoretically articulated main nodes (8) , whose endings are fixed inside the matter of the main beams (1). It is easy to justify that the proposed system can be applied to the foundation e.g. of an eccentric loaded object, which in addition has to be partly located e.g. above a scarp.
The distinguished modular unit can be multiplied in various ways in space of the designed foundation. Schemes of basic structural configurations of the inner intermediate systems inside the proposed structure of the combined foundation are presented in Fig. 6 . 
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Fig. 6 Basic types of the inner intermediate system.
A simple replication of two modular units, scheme of which is shown in Fig. 6a , is an obvious sample of the mentioned basic configurations. The effective length and surface of the foundation structure can be slightly enlarged by application of a triangular set A, B, and C presented in Fig. 6b . This set can be made not only in the mode of the truss structure. In this case nodes of the type represented by node C have to be not connected to the matter of the main beams, this is a key requirement condition for this solution. Stability of the whole structure can be increased when the inner intermediate system will take the form of an appropriate truss, as it is shown in Fig. 6c . The geometry of such a truss system is determined by the rules of shaping of the simple Mitchell beam, compare Fig. 1c , which ensures the advantageous distribution of the forces applied to the main nodes of the foundation structure.
Foundation and Building Structure
The construction depth of the combined foundation can be various. It can be equal to the height of a single storey or of sets of several storeys, this will depend on the design conditions. When the multi-storey building is supported on the proposed type of foundation and inside its aboveground structure is applied a suitable type of the lenticular girder (Fig. 7) , then the whole bearing structure is called the combined structural system of the tall building [18] [19] [20] [21] [22] .
In the boundary nodes of the combined foundation are acting the vertical reactions of the very big values, which in addition are directed down. In order to stabilize these zones it is proposed to shape there a kind of scoop by suitable connection of the beam endings with the base slab. Due to this a certain part of the ground, placed in the soil wedge, will press down on this area of the foundation structure. Moreover directly underneath the boundary nodes there should be put AP (anchor piles), presence of which will increase stability of this area of the foundation system. It is desirable when the number of the boundary nodes could be suitably large, what will make possible to decrease values of the reaction forces acting there. The requested state can be achieved by appropriate shaping of edge areas of the combined foundation structure. From the analyses of the arrangement of all the component parts follows that this system has some significant features of a quite efficient vibration damper. Its efficiency of absorbing of the vibration energy evoked by wind or earthquake loads can be 
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increased by means of, e.g., hydraulic jacks, which have to be precisely computer controlled. They should be arranged in appropriate parts of members of the intermediate systems of the foundation and of the aboveground structure of the tall building. In each case the whole building structure should be totally separated from the subsoil on the level of the lower surface of the combined foundation.
Examples of selected two basic forms of the whole combined structural system of tall buildings are presented in Fig. 8 .
The scheme of the tall building shown in Fig. 8a corresponds to the form of the vertical cross-section presented in Fig. 7 . The assumed structural idea enables to give to the combined foundation structures various forms, what will be in particular needed when the tall building has to be located in place, where it is impossible to make even very shallow foundation trenches. The combined structural system can take shape of so called foundation headers [18] [19] [20] [21] [22] , which are shown in Fig. 8b , which makes it possible to locate the heavily loaded building on the subsoil located outside the base plan of the building. The proposed foundation headers may take various forms and they can be arranged in the not necessarily symmetrical way around the building perimeter. It also implies that the entire foundation structure can be placed directly on the ground level after removing only of the humus layer. The inherent structural characteristics of the proposed foundation system make possible to repeat its modular units on the foundation level in theoretically infinite number of replications. Single modules have to be connected in the way presented in Fig. 9 .
Nodes of the type C1 and C2 must not be connected to the bodies of the main beams (1) of this structural system. In each second segment the central nodes, denoted by symbol CK, are subjected to act to vertical reactions directed down. Therefore it is proposed to locate in ground the AP (anchorage piles) placed directly below these nodes, this will reduce values of stresses acting in structures of the main beams (1) and improve stability of these areas of the combined foundation. Single structural units of it can be arranged in various directions on the base plan and they can create square, rectangular, triangular or other form of a grid. Sets of the main beams together with storey's slabs can create big boxes considered as spatial modules of the foundation structure. A system of the intermediate structure will be located in the narrow spaces between two adjacent boxes. Such a huge horizontal structure will be the support for the building mega-structure (Fig. 10 ).
Example of Architectonic Proposition
The combined structural system was applied by the author for the design of a building complex called the GeoDome Sky Towers. This conceptual design was prepared for the international architectonic eVolo 2012 Skyscraper Competition. General views of the designed complex are presented in Figs. 11-14 . All these visualizations have been made by Arch. Maciej Smoliński on the bases of numerical models defined by the author in the programming language Formian [23, 24] . The complex GeoDome Sky posed of four tower buildings designed in the form of rectangular prisms of square base having the edge length of 36.00 meters, which constitutes the general geometric unit of the complex. South part of the city of Wrocław in south-west Poland was assumed as the designed localization of this complex. Each of its four towers contains 80 storeys, the typical height of each storey equals 4.50 m. These buildings are shaped according to the rules depicted in Figs. 7 and 8. They are put on the common horizontal base shaped as the combined foundation having the height of 18.00 meters and containing three technical storeys. This horizontal base is placed directly on the subsoil level. The total height of this complex equals slightly more than 380.00 meters. Inner spaces of the four towers are devoted for needs of offices, hotels, apartments and other similar useful purposes. A huge geodesic sphere constitutes the central part of the whole complex.
The diameter of this sphere is equal to circa 100 meters and its structure is supported at four corner nodes situated in the half of the height of each tower. In the lower half of the space of the geodesic sphere are placed the technical and service rooms including a set auditoriums and numerous other multipurpose halls. Upper part is designed in mode of a Tropical Island with a big pool (Fig. 14) , sandy beach and other accompanying facilities. The Tropical Island is supported in the huge spatial structure located below the sphere equator level and it is designed in the form of a pyramid directed upside down. The four towers are connected also by means of spatial arches, which are vertically arranged along diagonals of the square base of this complex. The form of these arches resembles pattern of stress trajectories, compare Fig. 1a . In the inner spaces of these huge arches there are designed to be the green sectors, where trees and plants are placed originating from various regions of the world.
Conclusions
The presented system of the combined foundation is worked out as the final technical solution of a similar system previously invented also by the author. This final structural shape is obtained as result of the suitable transformations carried out in order to construct possibly the most safe and reliable foundation structure for the heavily loaded buildings, which have to be located on weak subsoil or in seismic area. The system does not need to make deep foundation trenches, it should be relatively inexpensive and its surface is theoretically unlimited. The application of the combined foundation should make it possible to erect the tallest buildings -which can be even much higher than one kilometer -on the ground of almost zero load carrying ability on one condition that the available free surface around the building is large enough. It makes also possible to shape the specific foundation headers, by means of which the load forces of a building may be spread on the ground located outside the building's base perimeter.
This system can be applied not only for the new but also for the already existing buildings and it may be used to straighten the previously inclined objects. One can to state now that the combined structural system proposed for the whole building has a big develop potential. Tall buildings designed by means of this structural system can obtain interesting, unique and sometimes the very expressive architectonic forms.
Due to the appropriate arrangement of components in space of the proposed combined system it is able to absorb a part of the energy vibration induced by dynamic load. This ability would be enhanced by special technical devices, e.g., electronically controlled hydraulic jacks purposely designed as the integral parts of the intermediate foundation structure.
All these assumptions and expectations have to be verified by test research and results of the comprehensive static and dynamic analyses. First analysis of the combined foundation system was done by help of the specific numerical models of this system defined during the current realization of the scientific program entitled "Numerical methods in design of modern forms of architectonic space structures", led and executed by the author, No. NN 527 246438, is granted by the Ministry of Science and Higher Education in Warsaw and the National Centre of Science in Cracow. The author gratefully acknowledges both institutions for financial supporting this project.
